This study compared the cyclic fatigue resistance of OneShape (OS) instrument which used continuous rotation with WaveOne (WO) instrument which used reciprocating motion. OS size 25, 0.06 taper and WO primary size 25, 0.08 taper were used in simulated canals with 45°, 60°, and 90° angles of curvature until fracture. The number of cycles to fracture (NCF) was recorded to evaluate cyclic fatigue resistance. Data were statistically analyzed using two-way analysis of variance and Tukey's HSD test. Weibull analysis was performed on NCF data. WO had a significantly higher NCF than OS for all angles of curvature (p<0.05). According to Weibull distribution, WO instrument was predicted to have a higher number of cycles to survive than OS instrument. WO instrument which used the reciprocating motion had a greater resistance to cyclic fatigue than OS which used continuous rotation movement.
INTRODUCTION
Rotary nickel-titanium (NiTi) endodontic instruments have become popular due to their increased flexibility, better cutting ability, and higher success rates in root canal preparation [1] [2] [3] . On the other hand, they are prone to unpredictable fractures due to cyclic fatigue, a result of the alternating tension-compression cycles which they are subject to when rotated near the apical third of root canals with a severe curvature [1] [2] [3] [4] [5] . Different manufacturing strategies have been employed to enhance the flexibility and fatigue fracture resistance of NiTi rotary endodontic instruments. These strategies include using different cross-sectional designs and new alloys that provide superior mechanical properties, as well as the application of different kinematics [6] [7] [8] . A new concept was recently developed for NiTi rotary instruments: use only one instrument with different working motions to prepare root canals 7, 9) . WaveOne (WO) (Dentsply Maillefer, Ballaigues, Switzerland) is one of these single-instrument systems which uses a reciprocating motion. The reciprocating motion is based on a counterclockwise (CCW) motion (cutting direction) and a clockwise (CW) motion (release of the instrument) 10) . The values of CCW and CW rotations are different. A large rotating angle in the cutting direction (CCW) allows the instrument to advance in the canal and engage the dentin to cut it. A smaller angle in the opposite direction (CW) allows the instrument to be immediately disengaged and safely progress along the canal path, thus reducing the tendency of "screwing in" and fractures 10, 11) . WO instruments have a modified convex triangular crosssection at the tip and a convex triangular cross-section in the middle and coronal portions of the instrument 12) . Additionally, WO is manufactured using M-Wire NiTi to enhance its flexibility and fatigue resistance 13, 14) . OneShape (OS) (Micro Mega, Besançon, France) is another rotary NiTi single-instrument system that was introduced to the dental market. However, it is used in continuous CW rotation. The OS instrument is manufactured from a conventional austenite 55-NiTi alloy. It is available in only one instrument which has a tip size of 25 and a constant taper of 0.06. It consists of three different cross-section zones over the entire length of the working part. In the first zone at the tip region, the cross-section is characterized by a three-cuttingedge design which transforms progressively in the middle zone to two cutting edges. In the last zone at the shank, an S-shaped cross-section presents two cutting edges 9, 10, 15) . Additionally along the working part, the OS instrument has variable pitch length which is claimed by the manufacturer to help reduce the screwing effect 15) . Since instrument fracture may jeopardize therapy outcome 16, 17) , it is essential to evaluate the fatigue resistance of new NiTi instruments when they are launched on the dental market 17) . The aim of this study was to compare the cyclic fatigue resistance of OS which used continuous rotation with WO instrument which used reciprocating motion. The null hypothesis tested was that there would be no differences in cyclic fatigue resistance between the two instruments.
MATERIALS AND METHODS

Cyclic fatigue resistance test
Two rotary NiTi instrument systems, OS size 25, 0.06 taper and WO primary size 25, 0.08 taper, were selected for this study to compare their cyclic fatigue resistance. Using a dental operating microscope (Global Surgical, St. Louis, MO, USA), each instrument was examined for defects before the test. Cyclic fatigue resistance was evaluated using a custom-made device similar to that described by Gambarini 18) and Lee et al. 19) . Ninety instruments from each system were tested using three artificial canals (n=30 files/canal). The canals were made of tempered steel with 5 mm radius and curvature angle of 45°, 60°, or 90° measured according to the method of Schneider 20) . Curved segment of the canal was 5 mm long, and the center of the curvature was 5 mm from the tip of the instrument.
The instruments were rotated with a 6:1 contraangle handpiece (Sirona Dental Systems, Bensheim, Germany) powered by a torque-controlled motor (Silver Reciproc, VDW, Munich, Germany) at manufacturerrecommended speed for each system. The OS instrument was operated at a rotational speed of 400 rpm and a torque of 4 Ncm. The WO instrument was operated using the "WO ALL" mode of the motor. Artificial canal walls were flooded with synthetic oil (Super Oil, Singer Co. Ltd., Elizabethport, NJ, USA) before each instrument insertion to reduce friction between instrument and artificial canal walls when in contact 21) . The canals were covered with glass to prevent the instruments from slipping out 22) . The instruments were used in the canals until fracture occurred.
Time to failure was recorded in seconds. Time recording was stopped when fracture was detected visually and/or audibly. Number of cycles to fracture (NCF) for each instrument was calculated by multiplying the time to fracture by the number of rotations or cycles per second regardless of the rotational direction 21) . Length of the fractured tip was measured using a digital caliper (Digimatic Caliper, Mitutoyo Co., Tokyo, Japan).
SEM analysis
A scanning electron microscope (SEM; JSM-6510LV, JEOL Ltd., Tokyo, Japan) was used to characterize the topographic features of the fracture surfaces of broken instruments. All broken segments were ultrasonically cleaned (Sonorex, Bandelin, Germany) in absolute alcohol for 5 min.
Statistical analysis
Statistical analysis (SPSS 13.0, Chicago, IL, USA) of NCF data was performed using two-way analysis of variance (ANOVA) and Tukey's HSD test to study the effects of two factors (type of instrument and angle of curvature) and their interaction. Statistical significance level was set at p<0.05. Weibull analysis was performed on NCF data. Survival probability, P s, is given as follows 23, 24) :
where P s is the survival probability at stress σ, σ0 is characteristic strength, and m is the Weibull modulus. In this study, σ was the sample NCF and σ 0 was the mean NCF. Cumulative failure probability, P f, at applied stress σ is given as follows 23, 24) :
where P f is the failure probability defined by the following relation 23) :
κ is the rank of NCF from least to greatest. N denotes the total number of specimens in the group. Rearranging equation (2) yielded the following equation
Data points were plotted in an xy-coordinate plane where the y-axis was given by In(In(1/[1−P f (σ)])) and the x-axis by In(σ). A line was estimated using the method of least squares with the slope of the line corresponding to the Weibull modulus (m). Intersection of the line with the x-axis gave the natural logarithm of characteristic strength (σ 0). Correlation coefficient (R 2 ) was calculated to determine the fit of the regression line. Number of predicted maximum cycles for 99% survival probability was calculated using equation (1) 24) . Table 1 presents the mean and standard deviation values of NCF and the length of fractured fragment for each group. Two-way ANOVA of NCF data (type of instrument and angle of curvature) revealed that NCF was significantly affected by the type of instrument and angle of curvature (p<0.001). There was a significant interaction between the type of instrument and angle of curvature (p<0.001). WO had a significantly higher resistance to cyclic fatigue than OS instrument in all groups (p<0.05). Results showed that the 90° angle of curvature generated the least NCF, while the 45° angle of curvature yielded the highest NCF in the two systems tested. Mean length of the fractured fragments of the two systems tested did not show any statistical difference (p>0.05). SEM analysis of the fractured cross-sectional surfaces revealed features typical of cyclic fractures, including crack origins, fatigue zone, and an overload fast fracture zone (Fig. 1) . The specimens revealed crack initiation at the cutting edges of the fracture crosssections with an area of microscopic dimples on fracture surfaces. Table 1 presents the parameters of Weibull analysis for each group. Cumulative probability of failure plots for the NCF data of OS and WO with different angles of curvature are shown in Figs. 2A and 2B respectively. WO showed a higher reliability compared with OS at all angles of curvature tested. At 80% reliability, 550 rotations at 45° angle of curvature were predicted for WO. For OS, only 380 rotations were predicted at 80% reliability for 45° angle of curvature. Means with different superscript uppercase letter within each instrument are significantly different (p<0.05). * WO had a significantly higher NCF than OS instruments at all angles of curvature (p<0.05). ** There was no significant difference in length of fracture fragment between files (p>0.05).
RESULTS
Fig. 2 Reliability plots for OS (A) and WO (B) at curvature angles of 45°, 60°, and 90°.
Reliability plots were calculated from the Weibull distribution function (Equation (1)), which correlated the probability of survival to NCF (number of cycles to fracture). Vertical axis is the survival probability and the horizontal axis is NCF.
DISCUSSION
This study compared the cyclic fatigue resistance of OS single-instrument system which used continuous rotation with WO instrument which used reciprocating motion. Results of this study rejected the null hypothesis, since WO showed a significantly higher cyclic fatigue resistance than OS under the conditions of the present study. Movement kinematic (continuous or reciprocating motion) is one factor that might influence the resistance of rotary NiTi instruments to cyclic fatigue 13) . In the present study, the higher cyclic fatigue resistance of WO was attributed to the reciprocating motion compared with the continuous rotation of OS. It has been reported that a reciprocating motion could enhance the cyclic fatigue resistance of NiTi instruments, both ex vivo and in vivo 13, [25] [26] [27] . A reciprocating motion may reduce the impact of cyclic fatigue on rotary NiTi instrument life compared with continuous rotation 13) . WO instrument rotated 60° in each cycle, which meant it took six cycles to complete one entire rotation (360°) 12, 13) . Consequently, WO operated for a higher number of cycles before failure as it was subject to lower tensile and compressive stresses 13, 28) . Cyclic fatigue resistance is also influenced by the chemical composition of the alloy, cross-sectional design, and thermomechanical process applied during alloy manufacturing 8) . WO was manufactured using M-Wire NiTi, while OS instrument was manufactured from a conventional austenite 55-NiTi alloy 9, 10) . The M-Wire technology offers NiTi instruments with greater flexibility and resistance to cyclic fatigue than those made of regular superelastic wires 29) . On the other hand, some studies reported that M-Wire instruments did not show better cyclic fatigue resistance when compared with conventional rotary NiTi instruments 8, 30) . Capar et al. 31) reported that there was no significant difference in cyclic fatigue resistance between OS instrument and another instrument made of M-Wire alloy. This finding contradicted our study, but it could be attributed to the different M-Wire commercial product used in that study 31) which operated in a continuous rotation movement. In another study, Arias et al. 32) reported that unused M-Wire instrument showed a higher cyclic fatigue resistance than the conventional one. However, the conventional instrument became significantly more resistant to cyclic fatigue after clinical usage than the M-Wire instrument.
In some studies 33, 34) , it was concluded that instrument design had no influence on cyclic fatigue resistance. On the other hand, some studies [35] [36] [37] proposed that the cross-sectional design was a significant determinant. In a supplementary examination using SEM, the cross-section of each instrument was captured at 5 mm away from the tip, and the area was measured using ImageJ software (http://rsbweb.nih.gov/ij). OS was found to have a larger cross-sectional area (approximately 523,125 µm 2 ) than WO (approximately 334,212 µm 2 ). Although OS had a larger cross-sectional area compared with WO, it showed lower cyclic fatigue resistance. This could be attributed to the mechanical characteristics of NiTi alloy. It was postulated that the small grain size of martensite observed in M-Wires contributed to their enhanced mechanical properties 38, 39) . This could explain the higher cyclic fatigue resistance of WO despite its cross-sectional area being smaller than that of OS.
Regarding the effect of the angle of canal curvature, both OS and WO instruments had significantly reduced NCF as the angle of canal curvature increased. With an increase in canal curvature, the instruments experienced greater compressive and tensile forces and thus fatigue at an earlier time. This finding was in agreement with previous studies 40, 41) . Various angles of curvature at 30°, 45°, 60°, and 90° were used to evaluate the cyclic fatigue resistance of NiTi instruments. The 30° curvature angle had no significantly effect on the instruments in the canal 42) . Therefore, 45°, 60°, and 90° angles of curvature were employed in this study to determine the NCF in different stress states. (Fig. 1) . The occurrence of dimpled rupture inside the overload zones was characteristic of ductile fracture. The crack origins typically started at the cutting edge in both instruments 2, 35, 43) . Multiple fatiguecrack initiation sites were found in OS fractured segments (Fig. 1A) , indicating the low resistance of OS to crack nucleation and early propagation. On the other hand, WO appeared to show better resistance to fatiguecrack initiation (Fig. 1C) .
It was reported that M-Wire contained deformed and microtwinned martensite, R-phase, and austenite 44) . This complex multiphase microstructure enhanced cyclic fatigue resistance compared with the conventional austenite-dominant microstructure of conventional NiTi alloy 29) . This could be attributed to the superior reorientation ability of martensitic variants due to the lower symmetry of the monoclinic crystal structure of martensite than the cubic crystal structure of austenite 29) . During bending rotation fatigue, the reorientation of localized martensite variants could provide better deformation accommodation and efficiently decrease the time on development and accumulation of microstructural defects. These defects included surface irregularities or subsurface voids in which fatigue cracks could nucleate. On this premise, a hybrid microstructure with a certain proportion of martensite would offer superior resistance to crack propagation than an entirely austenitic microstructure 29) . In the present study, the mean length of the fractured segments of both instruments occurred at the center of the curvature, corresponding to the point of maximum flexure of the shaft. The instruments fractured at about 5 mm from the tip of the instrument (Table 1) , denoting a narrow area of maximum flexure for both instruments. These results were in accordance with previous studies 35, 45) . Weibull analysis was performed as it relates the survival in clinical trials to data obtained from laboratory tests 24, 46) . This type of analysis focuses on information related to extreme-value distribution and the lower values that may be more crucial clinically 24, 46) . It was reported that the Weibull distribution could be an adequate model for predicting rotary NiTi instrument survival 24, 32, 47) . Weibull analysis showed that for 45° angle of curvature, the predicted number of cycles for WO was 789 cycles at 99% survival. For OS, the lowest predicted number of cycles at 99% survival was 64 cycles at 90° angle of curvature (Table  1) . A low predicted number of cycles at 99% survival was correlated to a low Weibull modulus and a high variance of the data set 24) . A higher Weibull modulus would indicate a higher reliability of the material 24) . WO showed higher Weibull modulus at all angles of curvature compared with OS, and this was correlated to the high reliability and high predicted number of cycles for WO.
The R 2 value provides a measure of data distribution alignment. R 2 value above 0.90 is considered acceptable, in that the data would fit a straight line. In the present study, four groups presented an R 2 value above 0.90 (Table 1 ). This finding suggested that the Weibull model was a suitable model for evaluating cyclic fatigue resistance 24) . Another important consideration was the characteristic strength (σ0). It was defined as the stress at which failure probability was 63.2%. After comparing the Weibull characteristic strengths (σ 0) at which 63.2% of the specimens failed, WO failed at a higher level compared with OS.
Further studies are needed to evaluate the clinical performance of the tested systems in vivo to give reliable recommendations for endodontists.
CONCLUSIONS
Within the limitations of this study, the following conclusions were drawn:
1. WO instrument had a higher cyclic fatigue life than OS. Improved raw material/manufacturing process and reciprocating motion were speculated to be significant determinants in enhancing the cyclic fatigue resistance of rotary NiTi instruments. 2. According to Weibull distribution, WO instruments were predicted to have a higher number of cycles to survive than OS instruments.
